In this Letter, we report the improved light outcoupling efficiency of conventional white organic light-emitting devices (OLEDs) by a kind of multifunctional film with both antireflective and superhydrophobic ability. This film consisted of regular polydimethylsiloxane (PDMS) nanopillar arrays, which were readily batch produced by low-cost imprint lithography. The nanopillar arrays could effectively eliminate the light total reflection and enhance the device efficiency of OLEDs by producing the gradual refractive index due to the decreasing material density from glass to air. Moreover, owing to its superhydrophobicity (contact angle ∼151°), the antireflective film exhibited self-cleaning ability, which was beneficial for keeping the OLEDs substrate clean and ensure the high efficiency of OLEDs. This method is simple, cost-effective, and reproducible. The OLEDs showed an efficiency enhancement of 25% with the multifunctional film.
White organic light-emitting devices (OLEDs) exhibited many desirable features, such as ultrathin, light weight, and good flexibility, and thus have been considered as a new generation of solid-state lighting sources [1] [2] [3] . However, a shortcoming of conventional bottom-emitting OLEDs fabricated on a flat glass substrate is that only a small fraction (<20%) of the light generated in the device can escape with the 80% trapped in the glass substrate (glass mode) and the high index organic layer (waveguided modes). Many techniques have been developed to enhance the outcoupling efficiency. To outcouple the waveguided light, methods such as textured microstructures [4] , surface plasmons [5] [6] [7] , microcavities [8, 9] , and low refractive index silica aerogel layer [10] , have been adopted. On the other hand, to extract the glass-mode light, methods, such as microlens arrays with different geometries [11, 12] and the high refractive index substrate [13] , have been developed. However, some of the reported methods have distorted or shifted emission spectrum, or complicated fabrication process. Alternatively, Li [14] et al. demonstrated a simple method-using antireflective surfaces to extract the glass-mode light of white OLEDs without spectral distortion. The antireflective silica cone arrays were directly prepared on the opposite side of fused silica substrate by nanosphere lithography and reactive ion etching (RIE), but this method was confined to the fused silica substrate. As we know, the most common substrate of OLEDs is a kind of amorphous material-glass, which was difficult etch by RIE.
Imprint lithography [15] is a simple, cost-effective, and high through method for functional microstructures. In this Letter, we reported the improved light outcoupling efficiency of conventional OLEDs by antireflective nanopillar arrays prepared by low-cost imprint lithography. The light loss of the total reflection at the glass substrate and air interface was effectively lowered owing to the gradient refractive index. The antireflective film was found possessing self-cleaning superhydrophobic ability, exhibiting a high contact angle (CA) (151°). This is beneficial to prevent the OLEDs from being polluted by dust particles in practical applications.
Shown in Figs. 1(a) and 1(b) are the reference bottom-emitting OLEDs structure (Glass=ITOð120 nmÞ= Mð30 nmÞ=NPBð20 nmÞ=BePP 2 ð5 nmÞ=CBPð3 nmÞ=CBP: IrðPPyÞ 3 ð10 nmÞ=Bphenð20 nmÞ=Alq 3 ð20 nmÞ=LiFð1 nmÞ= Alð100 nmÞ) and the OLEDs with antireflective films. The material M is 4, 4 0 , 4 00 -tris(3-methylphenylphe-nylamino) triphenylamine (m-MTDATA) which is a kind of hole injection materials. The N,
0 -diamine (NPB) was used as the hole transporting layer and the tris-(8-hydroxyquinoline) aluminum (Alq 3 ) was the electron transporting layer. Three emitting layers composed of bis 4, 4 0 -Bis(carbazol-9-yl)biphenyl:
0 -Bis(carbazol-9-yl)biphenyl: fac tris (2-phenylpyridine) iridium (CBP: IrðppyÞ 3 ), and bis [2-(2-hydroxyphenyl)-pyridine]beryllium (BePP 2 ) were used to harvest red, green, and blue light, respectively. White light composed of these three kinds of light penetrates the glass substrate and emitting into the air. Owing to the critical angle of the total reflection, when light passes from a high to a low refractive index medium, rays with an internal emission angle greater than the critical angle would be internally reflected. This phenomenon happens at the glass substrate and air interface in the reference device which results in trapped light in the glass substrate. According to the Snell-Descartes law calculation, the critical angle is about 34:8°. To outcouple the emitting light, antireflective film was transferred onto the opposite side of the ITO-coated glass substrate [ Fig. 1(b) ], because the nanopillar arrays with tapered morphology showed a gradient refractive index and could effectively lower the light loss of the total reflection [ Fig. 1(d) ] by modifying the critical angle.
Figures 2(c) and 2(d) are the 45°tilted-view scanning electron microscopic (SEM) and locally magnified image of regular nanopillar arrays prepared by soft transfer of the hole arrays [ Fig. 2(a) ] template [16, 17] . Here, the width of the hole was decreased to about the subwavelength magnitude (∼440 nm) by increasing the interference angle. The height was about 500 nm controlled by the thickness of the SU-8 resin (Nano MicroChem). The hole template was transferred by polydimethylsiloxane (PDMS) Sylgard 184 purchased from Dow Corning (MI) which exhibited good elasticity, high optical transmittance, and biocompatibility. As shown in Figs. 2(c)  and 2(d) , the nanopillar arrays are uniform, similar to the nipple arrays on the eyes of the moth [18] , which suppresses the reflection loss and increases the transmittance of light.
To systemically investigate the optical performance of the nanopillar arrays, the optical transmittance spectra of a flat PDMS film and the film with PDMS nanopillar arrays were measured [ Fig. 3(b) ]. The pillar arrays exhibit transmittance of about 95% over a spectral range from 400 to 800 nm, while the transmittance of the flat surface is less than 91%. The improved transmittance is attributed to the tapered nanopillar arrays, which produce the gradual refractive index due to the decreasing material density from glass to air. The antireflective film was put onto the opposite side of the glass substrate to output the emitting light of conventional OLEDs. Shown in Fig. 3(a) are the electroluminescent (EL) spectra of the OLEDs with and without antireflective surfaces at the voltage of 11 V in the normal direction. We could find that the EL intensity was significantly enhanced by the antireflective film. There are three main peak wavelengths of 620, 510, 460 nm produced by the three emitters mentioned earlier.
It is worth mentioning that the intensity of the whole wavelengths from 400 to 760 nm was significantly improved, which demonstrated that the efficiency enhancement by the antireflective film was not confined to certain wavelengths. Figure 3(c) shows the voltage-luminance characteristics of the OLEDs without and with antireflective films measured in the normal direction. Obviously, the luminance of the OLEDs with the antireflective films is much bigger than the reference one. Moreover, the current efficiencies of the OLEDs with and without antireflective film as a function of the voltage were investigated [ Fig. 3(d) ]. Compared with the reference OLEDs, the current efficiency for the OLEDs with antireflective film is enhanced by 25%.
Self-cleaning superhydrophobic function is sometimes needed for keeping the high performance of the optical devices [19] . Generally, the surface with a CA larger than 150°is defined as a superhydrophobic surface determined by surface micro/nanostructures and low-surface energy [20, 21] . Owing to the nanopillar structures and the inherent low-surface energy of PDMS [16] , the antireflective film exhibits a high CA (151°) [Fig. 4(b) ]. We could find that the surface kept clean even when it was put into dirty water (Media 1). In contrast, the California for the common glass surface was very low (45°), and its surface became dirty after it was immersed into dirty water [ Fig. 4(a) and Media 2] . To quantitatively investigate the self-cleaning effect, the optical transmittance of these surfaces was measured [ Fig. 4(c) ]. For the superhydrophobic nanopillar arrays, the optical transmittance slightly decreased (<5%) after the surface was put into the dirty water, while the transmittance for the flat surface significantly decreased from 90% to 50%. Moreover, both the flat surface and the nanopillar arrays were investigated by the SEM. We found that there were a lot of dust particles on the flat surface, while the nanopillar arrays kept clean. This further demonstrates the self-cleaning ability of the nanopillar arrays.
In conclusion, we have reported a simultaneous efficiency enhancement and a self-cleaning effect of white OLEDs by flexible antireflective films which were prepared by low-cost imprint lithography. This film consisting of regular nanopillar arrays could effectively lower the light loss of the total reflection and outcouple the emitting light of the OLEDs by producing a gradient refractive index from glass to air. The self-cleaning functions will be beneficial in keeping the high-efficiency of the OLEDs. The simple, cost-effective, and reproducible method may find great applications in the illumination and display. 
